I
nflammatory bowel disease (IBD) is believed to be the result of a failure to develop tolerance to normal gut bacteria in genetically predisposed individuals. 1, 2 Despite the central role of immune regulatory pathways in the pathogenesis of IBD, relatively few studies have examined the potential use of immune tolerance-inducing strategies for the treatment of IBD. Some studies using oral tolerance have shown success in ameliorating disease using foreign antigens and intrinsic antigens like murine cecal antigen-1 and colonic extracted protein. [3] [4] [5] [6] [7] Another rodent study failed to show induction of oral tolerance with antigen alone and showed that nasal tolerance induction was more efficacious for treating colitis. 15 In addition, a drawback of the oral tolerance approach for the treatment of IBD is that patients with Crohn's disease (CD) have suppressed capacity to generate immune tolerance via the oral route. 8, 9 We hypothesized that delivering antigen by alternative routes could be more effective for eventual use in human subjects.
The skin is a highly active immune organ capable of inducing effector cells 10 and protective immunity and immune tolerance. [11] [12] [13] [14] [15] Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the journal's Web site (www.ibdjournal.org).
Epicutaneous immunotherapy delivering antigen with Viaskin patches suppresses food allergy and eosinophilic esophagitis in mice by Treg-dependent mechanisms. 16, 17 Epicutaneous tolerance induction (ET) to haptens can also suppress colitis induced by the same hapten. 18, 19 We investigated whether ET to a model dietary protein antigen could suppress colitis in an antigen-nonspecific or bystander manner, which is essential for application of ET as a therapeutic strategy in IBD where inciting antigens are multiple or unknown.
We demonstrate that ET can be achieved by epicutaneous antigen exposure to the same extent as that which is induced orally in a TGF-b-dependent manner. Importantly, we show that ET can abrogate intestinal inflammation in murine models of IBD via bystander suppression.
MATERIALS AND METHODS

Mice
BALB/c, C57BL/6, and CD45.1 mice were obtained from Jackson Laboratories (Bar Harbor, ME). OTII/RAG1 2/2 , RAG1 2/2 , and Foxp3-GFP-DTR mice were obtained from existing colonies at The Icahn School of Medicine at Mount Sinai. For all mice, bedding was exchanged between experimental groups and where possible littermates were used in experiments to control for possible differences in colonic flora. Experiments were carried out using age-matched and gender-matched groups. All mice were maintained under specific pathogen-free conditions and all procedures were approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee.
Oral and Epicutaneous Exposure
To induce tolerance, mice were exposed orally by gavage feeding with ovalbumin (OVA) 1 mg daily for 5 consecutive days. For epicutaneous exposure, mice were anesthetized and dorsal fur removed with depilatory cream (Veet; Reckitt Benckiser, Parsippany, NJ), followed the day after by application of 100 mg of OVA or PBS imbedded in an antigen delivery device, Viaskin (DBV Technologies, Bagneux, France) for 48 hours. 13 Viaskin consists of a central transparent plastic membrane charged with electrostatic forces and therefore is able to retain dry antigen in the central part. When applied to the skin, it creates an occlusive chamber, which generates moisture and allows the antigen to be absorbed by intact skin. 16, 20 Antigen passes intracellularly and is taking up by dendritic cells that induce Tregs. 16, 21, 22 Immunization of Mice and Measurement of Antigen-specific Cytokines Three days after oral or epicutaneous exposure, mice were immunized bilaterally in the hock with 1 mg OVA plus complete Freund's adjuvant (Sigma, St. Louis, MO) using glass syringes and 27 G needles. On day 15, mice were boosted with 1 mg OVA plus incomplete Freund's adjuvant. Mice were sacrificed on day 22. Hock draining lymph nodes were harvested and cells were put into culture with 100 mg/mL of OVA for 72 hours. Supernatants were harvested and IFN-g, IL-10, IL-5 and IL-13 levels were measured by ELISA per the manufacturer's instructions (BD Biosciences, San Jose, CA).
Ablation of Induced Foxp3 + Tregs
Foxp3-GFP-DTR mice on a C57BL/6 background 23 were exposed on the skin as described above. After three days, the experimental group was injected with 75 ng per gram body weight of DT (Sigma) to deplete any OVA-specific Foxp3 + Tregs that were induced by the application of OVA-Viaskin. Control mice were not given DT. Depletion of greater than 90% of Foxp3 + cells was confirmed by flow cytometry using antibodies against CD4 (clone GK1.5) and CD25 (clone PC61) (Affymetrix, Waltham, MA) and examining CD4 + CD25 + cells for GFP positivity the following day. The total Treg compartment was allowed to rebound before immunization. Thus, induced Tregs, but not total Tregs, were targeted using this approach as previously described. 24 
IL-10R and TGF-b Neutralization
ET was induced as described above. Mice were given either anti-IL-10R (200 mg) or anti-TGF-b (1 mg) antibodies or an isotype control (BioXcell, West Lebanon, NH) via intraperitoneal injection 6 hours before hock immunizations as described above.
Cotransfer of CD25 + T Cells from the SLN or MLN
Cells were obtained from spleens, MLN and SLN of C57BL/6 mice and CD4 + T cells were enriched by negative selection using a MACS microbead system (Miltenyi, San Diego, CA). The resulting CD4 + enriched population from the spleens was labeled with APC-conjugated anti-CD4 (clone L3T4), PE-conjugated anti-CD62L (clone MEL-14), and FITC-conjugated anti-CD45RB antibodies (clone C363.16A) (Affymetrix). Subpopulations of CD4 + cells from spleens were sorted by flow cytometry to obtain naïve T cells. Splenic CD4 + CD45RB hi T cells (3.5 · 10 5 ) were adoptively transferred by intraperitoneal injection into recipient littermate RAG1 2/2 mice. CD25 + cells were isolated from the MLN or SLN using the EasySep Mouse CD25 Regulatory T cell Positive Selection Kit according to the manufacturer's instructions (Stemcell Technologies, Vancouver, BC, Canada). CD25 + cells (3.5 · 10 5 ) from either MLN or SLN were cotransferred or not with splenic CD4 + CD45RB hi T cells. Transfer was confirmed by flow cytometry of peripheral blood in all mice after 2 weeks. Weights were recorded semiweekly. All mice were sacrificed once any mouse lost 20% of their initial weight. Colonic histology was scored and colonic tissue was cultured overnight. Cytokine secretion was measured in the supernatants (IL-4, IL-6, IL-10, IL-12, TNF-a, IFN-g, and IL-17) by cytometric bead array per the manufacturer's instructions (BD Biosciences).
Dextran Sodium Sulfate (DSS) Model of Colitis
Six-week-old, littermate male C57BL/6 mice were exposed or not exposed on the skin to Viaskin-OVA once as described above and fed 1 mg OVA to draw Tregs to the gastrointestinal tract. Two percent DSS (MP Biomedicals, Solon, OH) was given in the drinking water for 5 days and then normal drinking water was given back for another 5 days. Mice were weighed daily. Colonic histology was scored. Colonic tissue was cultured overnight and cytokine secretion was measured in the supernatants as described above. Colonic tissue was analyzed by real-time (RT) PCR as described below.
SAMP/YITFc Model
Cohoused SAMP/YITFc mice were exposed or not exposed weekly for 5 weeks to Viaskin-OVA as described above starting at 4 weeks of age when they are known to develop ileal inflammation in our facility. This was followed by a single gavage feeding of 1 mg of OVA to all mice to increase gut homing and activate Tregs. Mice were sacrificed and ileal tissue was analyzed for cytokines (IFN-g, TNF-a, IL-10) by RT-PCR and for histological inflammation.
CD45RB hi -OTII Transfer Model of Colitis
CD4 + CD45RB hi T cells (3.5 · 10 5 ) were isolated from spleens of C57BL/6 mice as described above and were adoptively transferred by intraperitoneal injection into recipient 6-to 8-week-old, littermate RAG1 2/2 mice. Weights were monitored weekly. At week 6 after ensuring mice lost weight, CD4 + T cells were isolated from spleens of OTII/RAG1 2/2 mice, which do not have any mature T cells (or Tregs), and 3.5 · 10 5 cells were transferred by intraperitoneal injection into recipient RAG1 2/2 mice. T cells with OVA-specific TCRs were added because the initial small number of transferred cells was unlikely to contain any cells with an OVA-specific TCR. The mice were then exposed or not to Viaskin-OVA once a week for 3 weeks. This was followed 3 days later by gavage feeding all mice 1 mg of OVA once to increase gut homing and activate Tregs. Weights were monitored, and at week 14 mice were sacrificed. Colonic histology was scored as described below. Colonic tissue was cultured overnight. Cytokine secretion was measured in the supernatants as described above. Lamina propria lymphocytes were isolated as described below and stained to look at T-cell phenotype by flow cytometry. Colonic samples were also examined by RT-PCR as described below.
Treg Transfer into the CD45RB hi Transfer Model of Colitis
To expand the population of OVA-specific cells, C57BL/6 mice were immunized to OVA by IP injection of 200 mL of 1 mg/mL OVA mixed 1:1 with Alum IP once a week for 2 weeks followed by gavage feeding with 1 mg OVA with 10 mg cholera toxin once a week for 2 weeks. 25 Following immunization, mice were tolerized with Viaskin-OVA weekly for 8 weeks to induce OVA-specific Tregs. CD25 + CD4 + cells were isolated from the spleens using EasySep Mouse CD25 Regulatory T cell Positive Selection Kit (Stemcell Technologies). Total CD25 + CD4 + Tregs from immunized and tolerized mice were then transferred into mice with established colitis as demonstrated by weight loss. As controls, CD25 + CD4 + Tregs from mice that had not been tolerized were used. Tregs were cotransferred into RAG 2/2 mice receiving CD4 + CD45RB hi T cells (3.5 · 10 5 ) to induced colitis. The day following Treg transfer, mice were gavage fed with 1 mg of OVA. Weights were monitored and 3 weeks later mice were sacrificed.
Isolation and Assessment of Lamina Propria Lymphocytes
For producing a single cell suspension from the lamina propria, colons were flushed with HBSS medium, cut longitudinally, and washed 3 times in 15 mL ice-cold HBSS, 5% FBS and vortexed for 15 to 20 seconds. Tissues were incubated on a rocker for 20 minutes at 378C in 25 mL RPMI containing 5% FBS, 1 mM dithiothreitol, and 3 mM ethylenediaminetetraacetic acid. The remaining tissue was rinsed twice in RPMI, 5% FBS, and digested for 1 hour at 378C with RPMI, 5% FBS, Collagenase D (1.6 mg/mL; Roche, Indianapolis, IN) and DNase I (0.5 mg/mL; Roche). The isolated cells were homogenized using a 20-G syringe and filtered through a 70-mm cell strainer. Cells were washed twice in RPMI, 5% FBS. Cell pellets were resuspended in 8 mL 44% iso-osmotic Percoll (GE Healthcare, Chicago, IL) in RPMI and transferred to FBS-coated 15 mL polystyrene tubes. Five milliliter of 66% iso-osmotic Percoll/RPMI was carefully layered below the cell layer using Pasteur pipettes. Tubes were then centrifuged for 20 minutes at 2800 rpm, 48C, with brakes off. Using a plastic collection pipette, interface cells were collected. Purified cells were washed and labeled with antibodies against CD45.1 (clone A20), CD4 (clone GK1.5), CD25 (clone PC61), Foxp3 (clone FJK-16s), and LAP (clone TW7-16B4) (Affymetrix or BioLegend, San Diego, CA). Samples were acquired on a BD LSRII Cell Analyzer (BD Biosciences, San Jose, CA), and data analyses were conducted with FlowJo software (FlowJo, Ashland, OR).
Quantitative Real-time (RT) PCR
RNA was extracted from colonic specimens using Trizol (2) followed by isopropanol precipitation. RNA was then reversetranscribed to complementary DNA (cDNA) by M-MLV reverse transcriptase and random hexamers per the manufacturer's protocol (Thermo Fisher Scientific, Hampton, NH). Real-time PCR was performed using qPCR SYBR Green mix (Quiagen, Germantown, MD) and a VIIA7 real-time PCR system. Fold induction was calculated over control cells using the DDCt method. Results were multiplied by 1000 for better visual representation. Primer sequences are listed in Table 1 , Supplemental Digital Content 1, http:// links.lww.com/IBD/B652.
Histological Scoring of Intestinal Inflammation
Histological scoring was done on one complete crosssection of a Swiss roll 26 of colon or ileum for each mouse. The severity of colitis and ileitis was scored by 2 independent pathologists blinded to the treatment groups by examining the involvement of the epithelium, mucosa, submucosa, and muscularis. A score was also added to indicate the presence and extent of ulcerations. A total score was calculated by adding the individual scores for a maximal score of 20. 27 
Statistics
Differences between groups were analyzed by MannWhitney t test when 2 groups were present or by ANOVA when comparing multiple groups. This was followed by either nonparametric Mann-Whitney U test or Bonferroni analysis when appropriate. Data analysis was done using Prism software (GraphPad, San Diego, CA). A value of P , 0.05 was considered statistically significant. P values are indicated by *P , 0.05, **P , 0.01, ***P , 0.001.
RESULTS
Systemic Immune Tolerance is Induced by Epicutaneous Antigen Exposure
To determine if epicutaneous exposure to OVA could induce systemic immune tolerance, mice were exposed to OVA by Viaskin patch or OVA orally by gavage and subsequently immunized to OVA (Fig. 1A) . Ovalbumin-specific IFN-g production was examined in the draining lymph node and was significantly suppressed by prior oral or epicutaneous exposure to OVA (Fig. 1B) . Prior epicutaneous exposure to OVA also caused a significant increase in OVA-specific IL-10 production (Fig. 1B) . The Th2 cytokines IL-5 and IL-13 were not altered (data not shown). Thus, the epicutaneous route effectively induces systemic immune tolerance to a model antigen.
ET is Mediated by TGF-b-dependent but IL-10 and Foxp3 + iTreg-independent Mechanisms
To determine the role of Tregs and Treg-associated molecules in ET, we used neutralizing anti-IL-10 or TGF-b antibodies or Foxp3-DTR mice (Fig. 1A) . Foxp3-DTR mice were given DT after OVA exposure to ablate all Foxp3 + Tregs including those induced by OVA (Fig. 1C) , but the total Foxp3 + Treg population was allowed to recover before immunization. This depletion approach, which effectively suppresses oral tolerance, 24 had no effect on ET (Fig. 1C) . Similarly, neutralization of IL-10 had no impact on ET (Fig. 1D) . In contrast, neutralization of TGF-b completely abrogated the suppressive effect of ET on OVA-specific IFN-g production (Fig. 1E) . FIGURE 1. Epicutaneous exposure to OVA induced systemic tolerance in a TGF-b-dependent manner. A, Experimental protocol: mice were exposed to OVA on days 1 to 5 and subsequently immunized on days 8 and 21. To determine the mechanism, mice were given neutralizing antibodies 6 hours before immunization or Foxp3-GFP-DTR mice were given DT the day before immunization. B, OVA-specific IFN-g and IL-10 measured by ELISA in mice not exposed (immunized) or exposed orally (oral) or on the skin to OVA (Viaskin) before immunization with OVA (n ¼ 3 experiments of 8-10 mice/group); (C) Depletion of Foxp3 + T cells after administration of DT as measured by flow cytometry in the peripheral blood and OVA-specific IFN-g measured by ELISA in mice not exposed (immunized) or exposed on the skin to OVA (+Viaskin) with depletion (DT) or without (PBS) depletion of induced Foxp3 + Tregs (n ¼ 3 pooled experiments of 4-5 mice/group); (D) OVA-specific IFN-g measured by ELISA in mice not exposed (immunized) or exposed on the skin to OVA (+Viaskin) with (Anti-IL10R) or without (Isotype) an IL-10R antibody (n ¼ 2 pooled experiments of 5-6 mice/group). E, OVA-specific IFN-g measured by ELISA in mice not exposed (immunized) or exposed on the skin to OVA (+Viaskin) with (Anti-TGF-b) or without (Isotype) a TGF-b antibody (n ¼ 2 pooled experiments of 5 mice/group). (*P # 0.05, **P # 0.01, ***P # 0.001).
This indicates that TGF-b, but not IL-10 or induced Foxp3 + Tregs, is required for ET.
Skin-derived Tregs Prevent Colitis
We next sought to determine if ET could suppress colitis. However, we first examined the capacity of Tregs isolated from the skin-draining LNs to suppress colitis. We compared the capacity of skin-derived or intestinal-derived CD25 + Tregs to suppress the development of colitis when cotransferred with CD45RB hi T cells into Rag1 2/2 mice. Mice receiving CD25 + cells from either SLN or MLN maintained growth curves, whereas mice receiving CD45RB hi T cells without Tregs lost weight ( Fig. 2A) . Treg transfer from either site resulted in reduced histologic inflammation in the colon compared with mice receiving no Tregs (Fig. 2B ). This correlated with suppressed secretion of inflammatory cytokines (TNF-a, IFN-g, and IL-17) by the colon by skin-derived Tregs (Fig. 2C) .
Thus, skin-derived Tregs can effectively suppress the development of colitis.
Prevention and Treatment of Colitis and Ileitis by ET
We applied ET to 3 preclinical models to test the potential of ET for prevention or treatment of IBD. We began by using an FIGURE 2. Skin-derived Tregs prevent colitis: (A) Weight curves of RAG1 2/2 mice given CD4 + CD45 + RB hi T cells isolated from C57BL/6 mice without (Naïve) or with CD4 + CD25 + T cells isolated from either skin-draining LNs (SLN) or mesenteric LNs (MLN). B, Histological scores of colonic specimens from RAG1 2/2 mice given CD4 + CD45 + RB hi T cells isolated from C57BL/6 mice without (Naïve) or with CD4 + CD25 + T cells isolated from either SLNs or MLNs. C, Cytokine production measured by ELISAs from the supernatant of colonic specimens cultured overnight from RAG1 2/2 mice given CD4 + CD45 + RB hi T cells isolated from C57BL/6 mice without (Naïve) or with CD4 + CD25 + T cells isolated from either SLNs or MLNs (n ¼ 2 pooled experiments of 3-5 mice/group) (*P # 0.05, **P # 0.01, ***P # 0.001).
epithelial injury model of colitis caused by DSS in the drinking water (Fig. 3A) . Mice treated with ET showed a significant reduction in the production of TNF-a, IFN-g, and IL-17A by the inflamed colon (Fig. 3D) . ET-treated mice had increased mRNA expression of Foxp3, TGFb1, and TGFb2 but not IL-10 in the colon compared with untreated mice receiving DSS (Fig. 3E) . Despite this immunomodulation, histological damage and weight loss were not significantly affected in this acute injury model (Fig. 3B, C) .
We also tested the impact of ET in a spontaneous model of ileitis, the SAMP/YITFc model (Fig. 4A) . These mice develop modest inflammation in the ileum at 4 weeks of age but do not lose weight in our facility (data not shown). SAMP-YITFc mice treated with ET had significantly decreased histological inflammation (Fig. 4B) and expression of the predominant inflammatory cytokine in the intestine of this model, IFN-g (Fig. 4C ) as compared to untreated littermate controls.
We subsequently used a CD45RB hi T-cell transfer model to determine if ET could effectively halt the progression of disease. Rag1 2/2 mice that had received CD45RB hi CD4 + T cells and had begun to lose weight were treated with ET or left untreated, followed by a single gavage with OVA to induce homing of Tregs to the gastrointestinal tract (Fig. 5A) . ET-treated mice were significantly protected from further weight loss as compared to untreated controls (Fig. 5B) . Histological inflammation was also significantly decreased in FIGURE 3. Epicutaneous tolerance abrogates colitis in the DSS model: (A) Experimental protocol: C57BL/6 mice were exposed once to OVA on the skin and then given 5 days of 2% DSS in the drinking water followed by 5 days of normal water. B, Weight curves for mice exposed to OVA (+ET) or not (DSS) before DSS treatment. C, Histological scores for colons from mice exposed to OVA (+ET) or not (DSS) before DSS treatment and median histological scoring of colon specimens with ranges in parenthesis from mice exposed to OVA (+ET) or not (DSS) before DSS treatment shown under a representative H&E sections of colon demonstrating less severe inflammation and ulceration in mice exposed to OVA (scale bar ¼ 100 mm). D, Cytokine production as measured by ELISA from supernatants of colon cultures from mice exposed to OVA (+ET) or not (DSS) prior to DSS treatment. E, Colonic expression of regulatory markers as measured by RT-PCR from mice exposed to OVA (+ET) or not (DSS) before DSS treatment (n ¼ 2 independent experiments of 4-5 mice/group) (*P # 0.05, **P # 0.01, ***P # 0.001).
mice treated with ET (Fig. 5C) . The colonic production of TNF-a, IFN-g and IL-17 was significantly reduced compared to untreated mice (Fig. 5D) . Consistent with previous data using Viaskin-OVA for food allergy, 22 ET was associated with a significant increase in mRNA expression of Foxp3, TGF-b1, and TGFb2 in the colonic tissue, but no change in IL-10 (Fig. 5E) . By flow cytometry, we also identified a significant increase in CD4 + CD25 + Foxp3 + and CD4 + CD25 + LAP + Tregs within the colonic lamina propria of ET-treated mice (Fig. 4F ).
These data demonstrate that ET effectively prevents and halts the progression of disease via bystander suppression in 3 unique preclinical models of IBD.
OVA-specific Tregs Mediate the Reduction in Inflammation in the Transfer Model of Colitis
To determine the role of antigen experienced Tregs in the suppression of colitis by ET, we transferred CD25 + CD4 + Tregs derived either from mice that had been treated with ET or left untreated into mice beginning to lose weight following CD45RB hi T cell transfer. Treg transfer into mice that are already symptomatic is not as efficient in suppressing disease as cotransfer is at preventing disease, 28 which was confirmed by our transfer of Tregs from sham-treated mice. However, administration of Tregs derived from mice treated with ET significantly reduced weight loss (Fig. 6A), histological inflammation (Fig. 6B, C) , and colonic TNF-a and IL-17A production (Fig. 6D ) when compared to FIGURE 4. Epicutaneous tolerance treats ileitis in SAMP/YITFc mice: (A) Experimental protocol: SAMP/YITFc mice were exposed or not to OVA on the skin weekly for 5 weeks starting at 4 weeks old. This was followed by a one-time oral exposure to OVA in all mice. B, Histological scores for ileums from SAMP/YITFc mice exposed (+ET) or not (SAMP) to OVA and median histological scoring of ileum specimens with ranges in parenthesis from SAMP/YITFc mice exposed (+ET) or not (SAMP) to OVA shown under a representative H&E section of ileum demonstrating less severe inflammation and villus blunting in those mice exposed to OVA (scale bar ¼ 100 mm). C, Inflammatory cytokines IFN-g, TNF-a, IL-17, and IL-6 as measured by RT-PCR in mice not exposed (SAMP) or exposed to OVA (+ET) (n ¼ 2 pooled experiments of 5-6 mice/group) (*P # 0.05).
controls receiving no transfer. These data demonstrate that ET induces an enhanced suppressive capacity in Tregs that can terminate disease progression in T-cell-mediated colitis.
DISCUSSION
We show for the first time that epicutaneous administration of a model protein antigen can prevent or halt disease in 3 distinct preclinical models of IBD. Importantly, the antigen used for ET was not involved in colitis pathogenesis, indicating that this was a process of bystander suppression. This is critical for the translation of our findings to human IBD, where antigens are poorly defined and it is likely that multiple antigens trigger inappropriate immune reactivity.
The use of immune tolerance induction to treat human IBD has been attempted through several approaches. Direct administration of the regulatory cytokine IL-10 to humans was not effective for the treatment of CD. 29 Other drugs like anti-TNF-a therapies may indirectly increase Treg numbers and that this increase may correlate with clinical response. [30] [31] [32] [33] Desreumaux et al showed that administration of in vitro-generated OVA-specific Tregs to patients with refractory CD was well tolerated and had dose-related FIGURE 5 . Epicutaneous tolerance treats colitis in the T cell Transfer Model: (A) Experimental protocol: RAG1 2/2 mice were injected with CD4 + CD45 + RB hi T cells isolated from C57BL/6 mice and OTII/RAG1 2/2 mice followed by skin exposure weekly for 3 weeks to OVA. This was followed by a one-time oral exposure to OVA in all mice. B, Weight curves of mice exposed on the skin exposure to OVA (+ET) or not (Control). C, Histological score for colons from mice exposed on the skin exposure to OVA (+ET) or not (Control) and median histological scoring of colon specimens with ranges in parenthesis from mice exposed on the skin exposure to OVA (+ET) or not (Control) shown under a representative H&E section of colon demonstrating less severe inflammatory infiltrate in treated mice (scale bar ¼ 100 mm). D, Cytokine production as measured by ELISA from supernatants of colon cultures from mice exposed to OVA (+ET) or not (Control). E, Colonic regulatory marker expression as measured by RT-PCR from mice exposed to OVA (+ET) or not (Control). F, Colon lamina propria Treg percentages assessed by flow cytometry in mice exposed to OVA (+ET) or not (control) (n ¼ 2 pooled experiments of 4-5 mice/group) (*P # 0.05, **P # 0.01, ***P # 0.001).
efficacy. The OVA-specific immune response correlated with clinical response. 34 Thus, generation of active regulatory responses may be more effective than administration of regulatory cytokines in the treatment of CD. The generation of Tregs by administration of antigen to patients in vivo is likely to be safer and less costly than the generation of Tregs in vitro and reinfusion back to patients. However, induction of oral tolerance in patients with CD is significantly impaired. 8, 9 Therefore, alternative routes of tolerance FIGURE 6. OVA-specific Tregs mediate the reduction in inflammation in the transfer model of colitis: (A) Weight curves of mice with colitis and given CD25 + T cells from immunized and OVA (+ET) exposed mice, mice not exposed to OVA (SHAM), or mice not given CD25 + T cells (control). B, Histological scores for colon specimens from immunized and OVA (+ET) exposed mice, mice not exposed to OVA (SHAM), or mice not given CD25 + T cells (control). C, Median histological scoring of colon specimens with ranges in parenthesis from immunized and OVA (+ET) exposed mice, mice not exposed to OVA (SHAM), or mice not given CD25 + T cells (control) shown under a representative H&E section of colon demonstrating less severe inflammation in the ETI group as compared to control and Sham groups (scale bar ¼ 100 mm). D, Cytokine production as measured by ELISA from supernatants of colon cultures from immunized and OVA (+ET) exposed mice, mice not exposed to OVA (SHAM), or mice not given CD25 + T cells (control) (n ¼ 2 pooled experiments of 4-10 mice/group) (*P # 0.05, **P # 0.01, ***P # 0.001).
induction may be required and our data support the epicutaneous route as a safe and effective route of induction of Tregs to suppress inflammation in IBD.
The epicutaneous route of tolerance induction has been extensively studied for the treatment of food allergy. 17, 25 There are also studies showing that ET can suppress colitis when haptens are used to induce tolerance and colitis. 18, 19 In both of these examples, there is antigen-specific immune suppression. However, there is evidence that Tregs can suppress immune responses to bystander antigens. For example, induction of ET to one dietary antigen can suppress the development of allergy to new dietary allergens. 25 We observed that the induction of ET to OVA could suppress inflammation in 3 distinct preclinical models of IBD whose pathogenesis is unrelated to OVA. The DSS model is an acute injury model of colitis that models aspects of the innate inflammation observed in IBD. The SAMP/YITFc mice develop spontaneous ileitis and cecal inflammation mediated by monocytes and Th1 cells and is similar to human Crohn's disease both clinically and histologically. [35] [36] [37] The T-cell transfer model recapitulates more aspects of human disease: a chronic, progressive disease with diarrhea and weight loss, heavily inflamed colon, and a Th1/Th17-dominated cytokine profile. In all 3 models, ET effectively suppressed inflammation and importantly was able to halt the progression of disease in the T-cell transfer model. Thus, for the first time, we show that ET is feasible to prevent and treat preclinical models through a mechanism of bystander suppression.
Tolerance to microbial antigens requires IL-10, as illustrated by the spontaneous inflammation in IL-10-deficient mice. Tolerance to dietary antigens, shown in oral tolerance experiments, requires TGF-b. ET appears to be more similar to oral tolerance than microbial tolerance mechanistically. Interestingly, induced Foxp3 + T cells were not required. This is in contrast to oral tolerance that is dependent on Foxp3 + Tregs. The source of TGF-b may be LAP + Tregs that contribute to oral tolerance through TGF-b dependent mechanisms [38] [39] [40] [41] and that we found to be increased in the colon of mice treated with ET. LAP + Tregs have also been shown to contribute to suppression of food allergy in ET-treated mice. 22 Additional studies are needed to determine the duration of the protective effect and the mechanism of bystander suppression by Tregs of ET-treated mice.
Within the clinical setting, the induction of Tregs via epicutaneous exposure to antigens may have a role as an adjuvant therapy to prevent the escalation of treatments or the need for surgical intervention. It also would be useful to help maintain remission. Interestingly, evidence demonstrates that antibodies to bacterial antigens are elevated up to 3 years before the development of CD. 42, 43 Thus, with use of select antigens, we may be able to alter this aberrant immune response and prevent disease in at risk populations.
In conclusion, we show for the first time that epicutaneous tolerance to a model antigen can prevent and halt the progression of disease in 3 distinct preclinical models of IBD. We propose that this novel and safe approach to generate Tregs has the potential to be developed into an effective treatment for IBD.
